During development of mammalian cerebral cortex, two classes of glial cells are thought to underlie the establishment of cell patterning. In the embryonic period, migration of young neurons is supported by a system of radial glial cells spanning the thickness of the cortical wall. In the neonatal period, neuronal function is assisted by the physiological support of a second class of astroglial cell, the astrocyte. Here, we show that expression of embryonic radial glial identity requires extrinsic soluble signals present in embryonic forebrain. Moreover, astrocytes reexpress features of radial glia in vitro in the presence of the embryonic cortical signals and in vivo after transplantation into embryonic neocortex. These findings suggest that the transformation of radial glia cells into astrocytes is regulated by availability of inducing signals rather than by changes in cell potential.
In the developing brain, astroglial cells are among the first cells to differentiate, with bipolar radial glia being predominant in the embryonic period. Described over a century ago by Kolliker (1), Retzius (2) , and Ramon y Cajal (3), radial glia have been proposed to function in the initial steps of brain histogenesis, including support of neuronal migration and laminar patterning (3) (4) (5) (6) (7) . During the perinatal period, changes in astroglial form occur, with bipolar radial glia disappearing and being replaced by multipolar astrocytes. Differential expression of cellular antigen markers by these two general classes of astroglia in the perinatal mammalian forebrain (8) (9) (10) , and direct observation of successive changes in glial form during later phases of histogenesis, has provided support for the general view that radial glial cells transform into astrocytes (8) (9) (10) (11) .
A general model for cell specification in the nervous system, termed neuropoiesis, has emerged from studies of the neural crest lineage, in which soluble factors control the expansion of multipotent stem cell populations and restrict cell fate via a progressive restriction of gene expression (for reviews, see refs. [12] [13] [14] . Support for the existence of multipotent central nervous system (CNS) neural precursor cells in vivo has been gained through in vivo lineage tracing methods (15, 16) . Within CNS neural precursor cell populations, bipotential cells are thought to generate neurons and glia, with the emergence of the radial glial lineage occurring early in cortical development (7) .
A critical question concerning the role of extrinsic signals in neuropoiesis is whether differentiation factors are instructive or permissive. Instructive signals would commit a precursor cell to a particular cell lineage at the expense of production of other classes of cells, while in a permissive system the generation of different classes of cells would follow a stochastic mechanism, with differentiation factors permitting the survival of particular, partially committed progenitor cells (12) . Both cases imply a series of steps that progressively restrict the fate of precursor cells, with terminal differentiation of a particular cell type. In classical studies, the radial glial cell has been thought to be a partially committed cell, with further differentiation toward an astrocyte cell fate occurring in a progressive manner.
To develop an in vitro model system for analysis of signals that regulate the astroglial developmental pathway, we marked radial glial cells in situ so that they could subsequently be identified in vitro, and we examined the control of process formation and antigen marker expression by labeled cells. We show that expression of a radial glial cell identity in mammalian forebrain is determined by the availability of diffusible inducing signals. These signals are temporally regulated during development and are found in embryonic but not mature forebrain. Furthermore, we show that these signals act to transform mature astrocytes to a radial glial phenotype, indicating that the transformation from radial glial cell to astrocyte is reversible. Preliminary biochemical characterization indicates that the inducing signals are protein in nature and may represent one or more previously uncharacterized neural growth regulators. These findings provide support for the role of extrinsic signals in determining and maintaining a radial glial identity. Western Blot Analysis of GFAP Levels. Astrocytes were plated at subconfluent density into two T75 tissue culture flasks (Nunc) precoated with poly(L-lysine) in DMEM-F12 with 10% fetal calf serum. On the following day, cells were washed twice in DMEM-F12 supplemented with ReduSer and then aspirated; one flask was given 10 ml of serum-free DMEM-F12; the other was given 10 ml of E14 neocortical cell conditioned medium. After 2 days, astrocytes were rinsed twice in calcium and magnesium-free phosphate-buffered saline (GIBCO) and harvested with a cell scraper. Cells were pelleted and resuspended in 500 ,ul of protein sample buffer (18) , and then protein concentrations were determined (protein detection kit; Bio-Rad). Samples were boiled and 5 or 20 ,ug was loaded onto a 12% acrylamide gel alongside Kaleidoscope molecular weight markers (Bio-Rad). Once run, gels were blotted onto nitrocellulose paper by using a Bio-Rad semi-dry blotting system. Western blots were analyzed as described (19) . Anti-GFAP antibody was used at 1:2500; alkaline phosphatase secondary antibody (Vector Laboratories) was used at 1:7500. Bound secondary antibody was detected by bromochloroindolyl phosphate/nitroblue tetrazo- DMEM-F12 supplemented with penicillin-streptomycin. After 30 min, collection of 50 2-ml samples began. Astrocytes were cultured with 1 ml of each fraction for 2 days before immunostaining for GFAP and scoring for astrocyte morphology, as described above.
MATERIALS AND METHODS
In Utero Transplantations. Pregnant mice of 15 days gestation were anesthetized (375 jig of tribromoethyl alcohol per g of body weight in 2.5% tertiary amyl alcohol) (Sigma). Astrocytes harvested from P6 cortex were labeled with PKH26 as described (20) and resuspended at 20 x 106 cells per ml. After laparotomy, the uterus was transilluminated to visualize embryos, and astrocytes (0.5 ,ul) were injected into the lateral ventricle of each embryonic forebrain with a 1-,ul Hamilton syringe, after which the injection site was sealed with cyanoacrylic adhesive, the embryos were replaced in the abdominal cavity, and the abdominal wall was sutured. Two days later, embryos were perfused with 4% paraformaldehyde, and the cortex was removed and postfixed for 24 hr. Cortices were embedded in 3% agarose; 100-,um coronal Vibratome sections were cut and mounted in Slowfade. Dye-labeled cells within Vibratome sections of transplant tissue were imaged with a Zeiss Axiovert microscope (20) .
RESULTS
Radial Glial Cell Differentiation Requires Diffusible Signals. To selectively label cortical radial glia in situ, the lipophilic dye DiI was applied to the pial surface of the E14 murine neocortex, a technique previously shown to mark radial glia (9) . By microscopy, labeled cells expressed the highly elongated form characteristic of radial glial cells (1) (2) (3) 21) , spanning the thickness of the anlage and forming endfeet along the pial and ventricular surfaces. Proc. NatL Acad ScL USA 92 (1995) To provide an in vitro model for radial glial differentiation, we plated cells labeled in situ in microcultures at high cell density (106 cells per ml). In cell culture, Dil-labeled radial glial cells expressed the highly elongated form seen in vivo and extended processes of up to 300 ,um (Fig. 1A) . Labeled cells could be deemed viable, since dead Dil-positive cells were shrunken and pyknotic. To confirm the identity of Dil-labeled cells, we immunostained the microcultures to examine expression of the radial glial cell marker antigen RC2. In the microculture system, all Dil-labeled cells expressed RC2, demonstrating that the pial labeling technique selectively marks radial glial cells. However, these radial glia were found not to express GFAP (data not shown).
The extent of process formation by Dil-labeled radial glia declined sharply as the number of cells plated decreased (Fig.  1D ). Negligible glial cell differentiation was seen when cells were plated at very low density (< 105 cells per ml) where there was a low probability of contact between cells. This suggested that extrinsic signals, present in the embryonic cortical population supported the expression of a radial glial identity in vitro. To determine whether the differentiation signals we assayed were soluble or membrane bound, we plated labeled radial glial cells at very low density (105 cells per ml) beneath a dense (106 cells per ml) population of unlabeled E14 cortical cells plated on a Millipore filter insert. In coculture with E14 cells, -60% of radial glia elaborated processes ( Fig. 1 C and E) . Since process formation occurred in the absence of cell contact, these results suggest that diffusible signals released by E14 cortical cells promote elaboration of radial glial processes in vitro.
Radial Glial Inducing Factors Are Temporally Regulated During Cortical Development. As the number of radial glial cells falls precipitously during the late embryonic period in vivo (22) , we examined whether the inducing activity detected in embryonic cortex also declined at later developmental stages. When labeled E14 radial glia were plated in microcultures under Millipore filter inserts with cortical cells harvested from developmental ages E14 to P10, the amount of activity declined with increasing age of the cortical ceiling cells (Fig. 1E) . The time course of the decrease observed with this in vitro assay system correlates with the schedule of disappearance of radial glia from the developing murine neocortex; in vivo, radial glia are most fully differentiated during the period E14-E18, after which a steady decline is notable, with the majority of radial glia having disappeared by the end of the first postnatal week (22, 23) . This suggested that the transformation of radial glial cells into astrocytes was related to the availability of a soluble factor(s) during cortical development.
To test whether the factor(s) can induce GFAP-positive astrocytes to reexpress the features of radial glial cells, we examined the effect of an embryonic factor(s) on a later stage of astroglial development. Astrocytes harvested from P6 cortex were cocultured with a Millipore insert with 106 E14 neocortical cells. P6 astrocytes normally have a flattened phenotype in vitro and express GFAP ( Fig. 2A) . However, in coculture with an E14 cell ceiling, P6 astrocytes show a dramatic change in form. The vast majority ('80%) of astrocytes became highly elongated. Among these cells, many expressed a bipolar morphology; others elaborated branched processes, some tipped with glial growth cone-like structures Fraction Number  FIG. 3 . Partial purification of embryonic inducing activity. Embryonic cortical cell conditioned medium can be FPLC size fractionated by gel filtration. Radial glia inducing bioactivity elutes in a peak, approximated to be in the range 50-60 kDa. Results of a single bioassay are shown. (Fig. 2B) . These elongated astroglial forms were reminiscent of embryonic radial glia. By immunostaining and Western blot analysis, respectively, in the presence of the E14 ceiling astrocytes expressed RC2 (Fig. 2C ) and downregulated GFAP (Fig. 2D ).
Molecular Characterization of Radial Glial Differentiation
Factors. To determine whether any previously described growth factor was responsible for the effects of E14 cortical cells on radial glial cell development, we used the astroglial in vitro system to assay platelet-derived growth factor, epidermal growth factor, basic fibroblast growth factor, insulin-like growth factor, interleukins, and members of the type 1B transforming growth factor family, all previously identified as astroglial growth regulators (17) ; stem cell factor, retinoic acid, and the recently characterized neu differentiation factor, all of which are known to affect the development and differentiation of a number of cell types (24) (25) (26) ; and dibutyryl cAMP, reported to affect astrocyte morphology (27) . None of these factors induced astrocytes to express a radial glial identity in vitro, suggesting that the activity we have identified may be a previously uncharacterized growth factor. FPLC fractionation of embryonic cortical cell conditioned medium on a size-exclusion gel-filtration column and subsequent screening of fractions on cultured P6 astrocytes shows that the bioactivity that can induce a radial astroglial phenotype elutes from the column within a range of a few fractions, estimated to be 50-60 kDa (Fig. 3) .
In Utero Transplantations. To test whether astrocytes are competent to reexpress a radial glia identity in vivo, dyelabeled P6 astrocytes were transplanted into the E15 neocortex. In agreement with our in vitro data, a number of astrocytes integrated into the cortical wall and elaborated the long processes characteristic of radial glia (Fig. 4) . Some of the transplanted cells formed endfeet with the ventricular surface (Fig. 4A) , while others had migrated toward the pial surface ( Fig. 4B and C) . Many astroglia assumed a radial orientation within the wall of the embryonic cortex (Fig. 4 B and C) . In contrast, when neonatal astrocytes were transplanted into neonatal (P0 and P3) forebrain, none of the astrocytes assumed a radial phenotype (data not shown), instead remaining rounded within the cortical wall. Furthermore, previous studies have shown that, when neonatal astrocytes are transplanted to adult rodent brain, they can migrate but retain throughout an epithelioid astrocytic phenotype (28, 29) .
DISCUSSION
The divergence of astroglial and neuronal cell precursors from a common precursor is thought to occur early (7), with the development of astroglial cells constituting a sublineage that generates radial glial cells and astrocytes (7) (8) (9) (10) . Although cell culture experiments have provided supporting evidence for the transformation of radial glial cells to astrocytes (10) seen in vivo (8, 9) , the present experiments analyze the factors that control this program of development within the astroglial lineage. Our findings suggest that expression of radial glial cell identity is regulated by the availability of a soluble factor in embryonic brain and that the transformation from radial glia to astrocyte is bidirectional, with reexpression of radial glial phenotype upon exposure to embryonic signals (Fig. 5) . Our findings are consistent with the general view that the development of specific cell types in the CNS arises via the action of soluble factors that restrict the potential of multipotential precursor cells.
Recent experiments on the establishment of glial fate in the neural crest cell population implicate a role for glial growth factor in the commitment of multipotential neural precursor cells to a glial lineage (30) . The present results on glial differentiation within one sublineage, the astroglial lineage, FIG. 4 . Expression of radial glial identity by astrocytes after transplantation into E15 neocortex. Pseudocolored confocal images show that P6 astrocytes (dye labeled) integrate into E15 neocortex after transplantation. Some transplanted astrocytes remained at the ventricular surface (V) (A); others were apparently migrating through the cortex, bearing a long trailing process (B and C), while some astrocytes had reached the superficial layers of the neocortex near the pial surface (P) (C). Many of the integrated astroglial forms assumed the orientation of embryonic radial glia (B and C Three general classes of mechanisms are consistent with our results. In the first, the radial glial differentiation factors would induce expression of phenotypic markers for radial glia. In a second model, although our factor may specify expression of the embryonic phenotype, as development proceeds expression of an antagonist of this factor would permit expression of the astroglial phenotype. Third, our factors could provide an inhibitory signal, which prevents astroglial maturation, like the role played by activin in repressing neural induction in early Xenopus embryos (31) , with the presence of this (inhibitory) factor maintaining the embryonic radial phenotype for the duration of development and neuronal layer formation.
The present evidence suggests that the activity we identified is not mimicked by any of a range of characterized growth factors already recognized as glial growth regulators (for reviews see refs. 13 and 14) . Preliminary biochemical analysis indicates that the embryonic signals are protein and in the molecular size range 50-60 kDa. Molecular characterization and cloning of the inducing activity will be required to further examine its role(s) in the developing CNS.
In conclusion, our findings are consistent with a general role for extrinsic signals inducing CNS neural differentiation and with a regulatory role for diffusible signals in glial development (11, 32 
